Objective-The purpose of this study was to determine the effect of 15-lipoxygenase-1 (15-LO-1) on cholesterol mobilization from macrophages. Methods and Results-Overexpression of human 15-LO-1 in RAW mouse macrophages led to enhanced cholesterol efflux, increased cholesteryl ester (CE) hydrolysis, and increased reverse cholesterol transport (RCT). Efflux studies comparing 15-LO-1 overexpressing cells to mock-transfected RAW macrophages resulted in a 3-to 7-fold increase in cholesterol efflux to apolipoprotein A-I and a modest increase in efflux to HDL. Additional experiments revealed an increase in mRNA and protein levels of ABCA1 and ABCG1 in the RAW expressing 15-LO-1 compared to controls. Efforts to examine whether the arachidonic acid metabolite of 15-LO-1, (15S)-hydroxyeicosatetraenoic acid (HETE), was responsible for the enhanced efflux revealed this eicosanoid metabolite did not play a role. Enhanced steryl ester hydrolysis was observed in 15-LO-1 overexpressing cells suggesting that the CE produced in the 15-LO-1 expressing cells was readily mobilized. To measure RCT, RAW macrophages overexpressing 15-LO-1 or mock-transfected cells were cholesterol enriched by exposure to acetylated low-density lipoprotein and [ 3 H]-cholesterol. These macrophages were injected into wild-type animals and RCT was measured as a percent of injected dose of 3 H appearing in the feces at 48 hours. We found 7% of the injected 3 H in the feces of mice that received macrophages overexpressing 15-LO-1 and 4% in the feces of mice that received mock-transfected cells.
L ipoxygenases are classified based on the position of polyunsaturated fatty acid oxygenation. The major product of human 15-LO-1 is (15S)-HETE, which is produced from the oxidation of arachidonic acid at C-15. 15-LO-1 also produces lesser amounts of (12S)-HETE from arachidonic acid. In contrast, the major metabolite from leukocyte-type 12/15-LO (found in mouse, pig, and rabbit) is (12S)-HETE. 15-LO-1 also has activity against the fatty acyl component of cholesteryl esters (CE) and phospholipids. 1 The role of 15-LO-1 in atherosclerosis has been controversial. Fibroblasts and J774 macrophages, overexpressing 15-LO-1 and 12/15-LO, respectively, are capable of oxidizing LDL, a process leading to foam cell formation, as well as enhanced monocyte chemoattractant activity, which strongly suggests a proatherogenic role. 2, 3 Published studies show mice deficient in 12/15-LO are protected from atherosclerosis in apolipoprotein E (apoE)-deficient mice. 4, 5 However, transgenic rabbits overexpressing 15-LO-1 exhibited a 45% atten-uation in aortic lesion area, clearly demonstrating an antiatherogenic role. 6 Furthermore, Merched et al 7 demonstrated an atheroprotective role for 12/15-LO through the local production of potent antiinflammatory lipid mediators (lipoxin A 4 , resolvin D1 and protectin D1) in apoE-deficient mice. Recent epidemiological studies provide strong evidence for an antiatherogenic role of 15-LO-1. Wittwer et al 8 provide evidence of a polymorphism that occurs in 15-LO-1 resulting in higher 15-LO-1 activity in humans and is atheroprotective. Assimes et al 9 report on a variant of 12/15-LO occurring in humans that results in decreased expression of 12/15-LO but does not offer atheroprotection. Elucidating the mechanisms underlying these conflicting data will make it possible to more rigorously assess the role of 15-LO-1 to atherosclerotic disease progression in humans.
Here we focus on the effects of one member of the LO family, human 15-LO-1, and its role in macrophage foam cells. 15-LO-1 is present in human macrophage cells 10 and is associated with neutral lipid bodies in various cell types. 11, 12 The absence of the reticulocyte-type 15-LO-1 in mice provides a clean model to specifically study the effects of human 15-LO-1. Therefore, we chose this model to further define the role of macrophage 15-LO-1 in atherosclerosis.
Methods
A detailed Methods section can be found with the Data Supplement (available online at http://atvb.ahajournals.org).
Cell Culture
RAW 267.4 (American Type Tissue Culture Collection, Manassas, VA) murine macrophages stably transfected to overexpress human 15-LO-1 (RAW-15-LO) 4 and mock-transfected (RAW-mock) cells were routinely grown in Dulbecco Modified Eagle Medium (DMEM) containing 10% FBS, 50 g/mL gentamicin, and 500 g/mL geneticin.
Cholesterol Efflux
After [ 3 H]cholesterol labeling the cells, media containing HDL (20 g/mL) or apoA-I (25 g/mL) was added for up to 4 hours. In some experiments the ACAT inhibitor CP113818 (2 g/mL) was added to the media to prevent cholesterol esterification. To determine cholesterol efflux, media were sampled at indicated times, filtered, and counted by liquid scintillation counting to determine [ 
Results
RAW murine macrophages stably transfected with human 15-LO-1 were used in these studies. 13 Our initial observations indicated that cholesterol efflux to serum was enhanced when 15-LO-1 was overexpressed (data not shown). To further study this observation, macrophages were radiolabeled for 24 hours in the presence of the ACAT inhibitor CP113818, to prevent CE from forming. Cells were exposed to media containing apoA-I or HDL. Efflux to HDL and apoA-I was higher in the cells expressing 15-LO-1 (Figure 1 ), indicating that expression of 15-LO-1 increases cholesterol efflux.
Because there was a dramatic increase in efflux to apoA-I (100-fold increase), we chose to use apoA-I as the extracellular acceptor in subsequent experiments. Additionally, because one of our goals was to determine the impact of 15-LO-1 expression on cellular cholesterol mobilization, we used macrophages enriched in CE in some of the experiments.
Cholesterol efflux to apoA-I was evaluated in 2 clones ( Figure 2 ) and in mock-transfected cells. Figure 2 shows that 15-LO-1 expression in RAW macrophages resulted in a 2-to 3-fold increase in fractional cholesterol efflux over 4 hours. The increase in cholesterol efflux was related to the level of 15-LO-1 protein expression (measured by immunoblot), although not linearly ( Figure 2 ). 15-LO-1 is not present in murine macrophages and was not detected in the mocktransfected control ( Figure 2 ). Overexpression of human 15-LO-1 did not affect levels of endogenous murine 5-LO levels (data not shown).
To confirm that the increase in cholesterol efflux was attributable to 15-LO-1 expression, we used the 15-LO-1 inhibitor, cinnamyl-3,4-dihydroxy-a-cyanocinnamate (CDC). 14 When CDC was added to RAW-15-LO-1 cells, cholesterol efflux to HDL was reduced and efflux to apoA-I was eliminated ( Figure 3A ). CDC did not affect efflux in the mock-transfected cells (data not shown). We extended these studies by using small interfering RNA (siRNA) to knockdown expression of 15-LO-1 and assess the effect on cholesterol efflux. Figure 3B indicates that a 28% to 30% reduction in 15-LO-1 expression was achieved using 2 unique siRNA. This reduction in 15-LO-1 protein resulted in an 11% to 13% reduction in cholesterol efflux ( Figure 3B ). A scrambled siRNA (negative control) had no effect on 15-LO-1 expression or cholesterol efflux.
Because of the increase in efflux to apoA-I observed when 15-LO-1 was expressed, we investigated efflux via ABCA1, which is a major route of cholesterol efflux from macrophages. 15 Probucol, an inhibitor of ABCA1, attenuated cholesterol efflux from RAW-15-LO-1 cells ( Figure 4 ). Efflux experiments conducted in the presence of the antioxidant butylated hydroxytoluene (BHT) 16 demonstrated that the reduction in efflux seen with Probucol was not attributable to the antioxidant properties of Probucol (Figure 4 , inset).
Overexpression of 15-LO-1 may result in greater ABCA1 activity. To address this, we measured cholesterol transporter message and protein levels in the RAW-15-LO-1 and RAWmock cells. Protein and mRNA levels of ABCA1 and ABCG1 were significantly increased (10-fold and 9-fold, Figure I) . The RNA and protein data were in agreement with the efflux data ( Figure 4 ). We do not have a valid method for assessing ABCG1-mediated efflux in the RAW cells, but based on the data presented in Figure 5 , we hypothesize that ABCG1 might also be contributing to the increase in cholesterol efflux and is responsible for the increase in efflux to HDL (Figure 1) .
respectively) in RAW-15-LO-1 cells (supplemental
To address the possibility that a metabolite of 15-LO-1 was responsible for the observed changes in efflux and transporter expression, we incubated (15S)-or (12S)-HETE with mocktransfected RAW cells. Control experiments were conducted to ensure the eicosanoids were incorporated into the cells (supplemental Figure IIC CE hydrolysis is another aspect of cholesterol metabolism that was influenced by the overexpression of 15-LO-1. Hydrolysis was significantly increased in macrophages expressing 15-LO-1 (49Ϯ0.5%/24 hours in mock transfected cells; 75Ϯ0.1%/24 hours in 15-LO-1 cells). To determine whether the observed increase in CE hydrolysis was attributable to an increase nCEH activity, homogenates of RAW-15-LO-1 and RAW-Mock cells were added to a commercially available [ 3 H]-CE. Hydrolysis was calculated by comparing total cpm in CE before and after the hydrolysis period. There was not a significant difference in the amount of CE hydrolysis between the 2 cell types, indicating that overexpression of 15-LO-1 did not increase nCEH activity ( Figure 5A ). We next investigated the possibility that steryl esters produced in the RAW-15-LO-1 cells are better substrates for nCEH than that present in RAW-mock cells. To test this possibility the cellular lipids from the 2 cell lines were extracted and After an equilibration in 0.2% BSA, cells were treated with either BSA alone or 20 mmol/L Probucol for 2 hours. Efflux to 20 g/mL apoA-I was measured after 4 hours. Percent efflux was determined as described in Figure 1 . Inset, RAW cells were treated as described above, but 0.5 mmol/L BHT was substituted for Probucol. incubated with a commercially available nCEH ( Figure 5B ) or a RAW mock-transfected cell homogenate ( Figure 5C ) or 15-LO-1 cell homogenate (data not shown) as source of nCEH. The lipid extract was added back to the nCEH at constant CE mass. We measured an increase in CE hydrolysis when the lipid extracted from the RAW-15-LO-1 cells was used as substrate compared to the lipid from the RAW-mock cells ( Figure 5B and 5C) , no matter what the source of nCEH. Thus, the steryl esters produced in 15-LO-1 expressing cells are a more suitable substrate for nCEH and therefore are more rapidly hydrolyzed than the steryl esters isolated from mocktransfected RAW cells. We next measured the amount of the oxidized fatty acid, (15S)-HETE in the CE lipid fraction isolated from mock-transfected or 15-LO-1 expressing cells. Figure 5D indicates a 3-fold increase in the amount of (15S)-HETE in the CE produced in 15-LO-1-expressing cells compared to the CE produced in mock-transfected cells.
Because our data demonstrated increased cholesterol mobilization in macrophages is attributable to overexpression of human 15-LO-1, we next evaluated the effect overexpression of 15-LO-1 has on RCT in vivo. The model of RCT used in these studies is discussed in detail elsewhere. 17 Briefly, donor macrophages are cholesterol-enriched and labeled ex vivo and then injected into the peritoneum of host animals. [ 3 H]Cholesterol moves from the macrophages in the peritoneum (periphery) through the plasma compartment to the liver where the [ 3 H]cholesterol is eliminated in the feces. In the present studies, cholesterol enriched RAW macrophages overexpressing 15-LO-1 or mock-transfected cells were used as the donor macrophages. The loading efficiency was similar in both cell types (83.77Ϯ1.79 g total cholesterol/mg protein (73.7% FC, 26.3% CE) in the 15-LO-1 cells and 80.01Ϯ0.60 g total cholesterol/mg protein (69.1% FC, 30.9% CE) in the mock-transfected cells). The cells were injected ip into wild-type mice, and plasma (retro-orbital bleed) and feces (cumulative) were collected over 48 hours. After this period liver and bile samples were collected. All samples were analyzed for 3 H content as described in Methods. There were no significant differences in plasma, liver, and bile 3 H content (data not shown) for the experimental period. However, there were significantly more fecal 3 H counts in the animals injected with RAW-15-LO-1 macrophages compared to the animals receiving RAW-mockcontrols ( Figure 6 ). Because the movement of radiolabeled sterol from the injected macrophages to the feces reflects the efficiency of RCT, the increased 3 H in the feces demonstrates that 15-LO-1 expression in macrophages increases RCT.
Discussion
The initiation and progression of atherosclerosis is a complex process involving multiple pathways and risk factors. Many studies have investigated cellular and serum pro-or antiatherogenic factors and often find that the line between a certain factor promoting or reversing atherosclerosis is blurred. Such is the case with 15-LO-1. Some of the conflicting results in the literature might be attributable to species differences, isoenzyme positional specificity for oxidation, or expression pattern. 1,7 (15S)-HETE is the major product of human reticulocyte 15-LO-1. It arises from the oxidation of arachidonic acid at C-15 to yield (15S)-hydroperoxyeicosatetraenoic acid (HPETE), which then undergoes a 2-electron reduction to (15S)-HETE. 15-LO-1 also produces smaller amounts of (12S)-HETE through the intermediate formation of (12S)-HPETE. 18 Products of LO have been shown to be both pro-and antiatherogenic. 1 This study focuses on one particular component of the complex disease of atherosclerosis, the macrophage.
Foam cells of both macrophage and smooth muscle origins are responsible for a large portion of the lipid volume in atherosclerotic plaques. 19 Mobilization of foam cell lipid is key to plaque regression. 15-LO-1 has been localized to macrophages in early and advanced lesions, 20, 21 although this too is subject to debate. 22 The current studies focus on the effect of human reticulocyte-type 15-LO-1 has on cholesterol mobilization from macrophages, specifically; human 15-LO-1 was overexpressed in murine RAW macrophages 13 and used for these studies.
Cholesterol Efflux
Our investigations revealed that cholesterol efflux to HDL and apoA-I was enhanced with the expression of human 15-LO-1. The idea that 15-LO-1 expression is responsible for increased cholesterol efflux is supported by our data demonstrating that the increase can be inhibited with CDC, a 15-LO-1 inhibitor (Figure 3) , and cholesterol efflux to apoA-I is increased with expression of 15-LO-1 (Figure 2 ). We determined that metabolites resulting from 15-LO-1 action on arachidonic acid, (15S)-HETE, and (12S)-HETE are not responsible for the increase in efflux. Recently, Nagelin et al reported that (12S)-HETE but not (15S)-HETE reduced cholesterol efflux from J774 macrophages stably transfected with porcine 12/15-LO to HDL. The decrease in efflux is presumably attributable to increased degradation of ABCG1 expression. 23 Interestingly, this group also found that ABCG1 expression levels returned to control levels after 24 hours, suggesting that the decrease in ABCG1 expression is only temporary. The conflicting data in these reports may be attributable to time of incubation, cell type used for transfection, or LO species differences (porcine versus human).
Cholesterol Transporter Expression
Polyunsaturated fatty acids (PUFAs) have been shown to decrease expression of ABCA1 and ABCG1 in macrophages through destabilization of the ABCA1 protein 24, 25 and inhibition of ABCA1 and ABCG1 transcription. 26 In the current studies, where 15-LO-1 is overexpressed, ABCA1 and ABCG1 expression is increased in the presence or absence of exogenous PUFAs. It is possible that overexpression of 15-LO-1 results in a rapid metabolism of PUFAs, thereby eliminating any effect the PUFAs may have on cholesterol transporter expression.
Expression of 12/15-LO and its linoleic acid metabolite 13-S-HODE has been shown to activate peroxisome proliferator-activated receptors (PPARs). 27 Activation of PPAR␥ and PPAR␣ affects cholesterol efflux through upregulation of cholesterol transporters ABCG1 and ABCA1. 28 We report an increase in ABCG1 as well as ABCA1 protein and mRNA levels in RAW macrophages overexpressing 15-LO-1 under the experimental conditions presented in these studies. However, we did not detect 13-S-HODE in the 15-LO-1 RAW cells (data not shown), and the eicosanoid products of 15-LO-1, (12S)-HETE, or (15S)-HETE did not affect cholesterol efflux or transporter expression in our experiments (supplemental Figures II and III) .
If oxidized metabolites of arachidonic acid were not responsible for the increase in efflux and transporter expression, the question of what is causing the increase remains. It is known that LOs can oxidize the fatty acyl component of CE contained in LDL. 29 Additionally, Lund et al 30 reported that soybean LO oxidizes the B-ring of cholesterol at C-7. The hypothesis that an oxidized sterol may be responsible for the increase in cholesterol transporter expression is reasonable considering oxysterols can modulate ABCA1, ABCG1, and nCEH expression. [31] [32] [33] Efforts to determine whether the human 15-LO-1 has similar activity on the B-ring of cholesterol are currently underway.
ABCA1-Mediated Efflux
Cholesterol efflux via ABCA1 is inhibited by Probucol. 34 We found that Probucol abolished the increase in cholesterol efflux to apoA-I in the 15-LO-1 expressing cells. To rule out the possibility that the antioxidant properties of Probucol might also play a role in efflux reduction, we tested another antioxidant, BHT, and found no reduction to efflux to apoA-I (Figure 4 , inset).
Steryl Ester Hydrolysis
We found that CE hydrolysis was substantially increased when 15-LO-1 was overexpressed. The increase in hydrolysis could be attributable to an increase in nCEH activity, the production of a more suitable nCEH substrate, or the formation of eicosanoid metabolites that increased CE hydrolase activity. 35 Our data indicate that the increase in CE hydrolysis seen with overexpression of human 15-LO-1 is not attributable to an increase in nCEH activity in RAW macrophage cells ( Figure 5A ). Additionally, we have found that the steryl esters extracted from 15-LO-1 overexpressing foam cells are a better substrate for nCEH compared to the steryl esters extracted from mock-transfected cells. Our data are consistent with expression of 15-LO-1 leading to the oxidation of cytoplasmic CE, an idea suggested by Belkner et al. 36 (15S)-HETE was shown to be readily incorporated as the fatty acyl chain of CE. 37 Our studies indicated that there is an increase in the amount of (15S)-HETE in the CE fraction isolated from 15-LO-1-expressing cells compared to CE isolated from mock-transfected cells. These data, coupled with previous studies demonstrating that oxidized CE are preferentially hydrolyzed compared to nonoxidized CE, 38 suggest that (15S)-HETE is incorporated into CE creating a better substrate for nCEH.
Reverse Cholesterol Transport
Expression of human 15-LO-1 in macrophages results in an increased rate of cellular CE hydrolysis and greater cholesterol efflux, which favors cholesterol mobilization. We therefore evaluated the effect expression of human 15-LO-1 in macrophages has on RCT. The model of RCT we used in this study has been validated and discussed in detail elsewhere. 17 There was no difference in the 2 groups with regard to [ 3 H]sterol in the blood, bile, or liver. However, when human 15-LO-1 is expressed in the donor macrophages, fecal excretion is significantly higher when compared to that of mocktransfected donor macrophages. Our studies are in agreement with Merched et al who developed a macrophage-specific 12/15-LO overexpressing mouse on an apoE-deficient background. 7 They found a significant decrease in aortic atherosclerotic lesion area with macrophage specific 12/15-LO overexpression along with a concurrent increase in lipoxin A 4 production. Lipoxins are potent antiinflammatory mediators that trigger the resolution phase of atherosclerosis. Such lipid mediators may be playing a role in the RCT system and efflux studies described in the present work.
Summary
Considering the complexity of atherosclerosis, and that the expression pattern of 15-LO-1 is not limited to peripheral foam cells, our findings do not preclude proatherogenic properties of 15-LO-1 such as oxidation of LDL. However, we propose that expression of human 15-LO-1 in macrophage cells results in increased cellular cholesterol mobilization through increased CE hydrolysis, ABCA1-mediated efflux, and ultimately increased RCT. These observations suggest that 15-LO-1 expression in peripheral foam cells is antiatherogenic.
